INTRODUCTION
simulation developed in Matlab, and using both theoretical and simulation results it is possible to 23 determine the minimum number of vehicles required to maintain system stability. Note that in case 24 of AMOD systems, fleet sizing is similar to fleet sizing of Mobility On-Demand (MOD) systems 25 with human-driven vehicles, but with the advantage that the vehicles can redistribute themselves. 26 Barrios and Godier (16), for example, evaluated three different rebalancing strategies (zero, pe-27 riodic and continuous redistribution) for MOD systems. This evaluation was performed for both 28 station-based (i.e. vehicles can be picked-up and dropped-off only at predefined stations) and free-29 floating (i.e. vehicle can be picked up and dropped off anywhere within an operating zone) system. 30 Analysis was performed using an agent-based simulation approach and tested on a square grid 31 with a random demand. Similarly, Brownell and Kornhauser (13) focused on analysis of an au-32 tonomous Taxi system. The authors evaluated the necessary fleet size for two models: (i) personal 33 rapid transit, and (ii) smart paratransit. While the models did not account for rebalancing, they do 34 give insight into the upper and lower bounds of the fleet size required for both models. 35 Only recently the mobility impacts of these systems have started to be analyzed. In (15) 36 the impacts on car fleet size, volume of travel and parking requirements over two different time 37 scales (24-hour average and peak hour period) for shared and non-shared AMOD configurations are 38 analyzed in an agent-based simulated scenario for Lisbon, Portugal. The study points a potential 39 reduction of 9 out of every 10 existing cars, but noticing the increased fleet millage. However, the 40 analysis did not include a dynamic traffic model which would simulate vehicle-level interactions 41 (and therefore congestion effects). Also mid-term and long-term impacts on individual choices 42 were not considered. Fagnant and Kockelman (17) by 11% compared to a traditional human-driven self-owned fleet. Yet, the scenario analyzed does 4 not rely on a real urban network, ignoring heterogeneous land use and travel patterns, and does 5 not consider long-term behavioral shifts. Burns et al. (18) focused on the impacts of network 6 configuration and service cost of shared AMOD fleets. Three different network environments 7 were analyzed: a mid-sized city (Ann Arbor, Michigan, US), a low-density suburban development 8 (Babcock Ranch, Florida, US) and a large and densely-populated urban context (Manhattan, New 9 York, US). Using queuing theory and network models, travel patterns, cost estimates and vehicle 10 requirements are computed for each scenario.
11
Studies on the potential impacts of AVs on land use and long-term choices of urban resi-12 dents and firms is limited. In a recent study on the potential impacts of autonomous vehicles and 13 policy preparations, Fagnant and Kockelman (3) summarizes the anticipating effects may brought 14 by autonomous vehicles, mostly focusing on the travel behaviors and safety (19) . Using various 15 simulation results, they found that each shared autonomous vehicle (SAV) "could serve the same 16 number of trips as 10 household-owned vehicles", indicating the potential impact of autonomous 17 vehicle on vehicle ownership. In addition, a number of studies mentioned urban form can be ben-18 efited from AVs by releasing part of lands in urban areas from parking areas. By one estimate, 19 about 31% of the space in the central business districts of 41 major cities in the US was devoted to 20 parking, and more space would be available for improving the built environment (20, 21). How- 21 ever, the effect of AVs on the spatial choices of urban residents and firms is less known and less 22 studied. On the one side, AVs can provide safer and improved accessibility for the population (e.g. 23 the disabled, the elderly and children) who cannot drive. Therefore, a place with SAVs service 24 may become preferable for these people. On the other side, the AVs may also change the goods 25 delivery system, which could have an impact of the location choice of those affected businesses. integrated behavioral simulation models to account for more realistic changes in demand and sup-42 ply of the overall transportation system. In this paper we present our most recent efforts in using 43 state-of-the-art simulation frameworks for the analysis of AV systems in urban environments. In 44 the next Section we describe how integrated and multi-level demand and supply can be modeled 45 together, having in mind the impact of AV technologies. In Section 3 the set-up and the results of 1 a specific simulation scenario of an AMOD service in Singapore under the proposed framework 2 is presented. Finally in the last Section, the main conclusions of our study and the on-going and 3 future research are described. The generic approach to model multi-level demand and supply is through loose coupling of differ-6 ent simulators, each one specialized on a specific component (23 route-choice models) and time resolution (e.g. trip time attributes) remained at stake. 21 To tackle these challenges SimMobility, a new simulation platform that integrates vari- 
SimMobility

25
The high-level architecture of SimMobility is shown in Figure 1 Mobility is a single database model and a single code base that is shared across all levels. Every 42 agent exists and is recognized by all levels, and information is used according to each level's needs.
43
FIGURE 1 : SimMobility Framework
In this way, and agent's behavior and characteristics will remain consistent in the three simulators. 2). Detailed description of each component can be found in (36). 6 
FIGURE 2 : AMOD controller integration
The fleet management module is responsible for facility location, vehicle assignment and 7 routing and vehicle rebalancing. were reduced (to 1.0s, 1.0s and 0.5s respectively). and modes, and (iii) departure times (on half-hour slots). This is based on a sequential application 4 of hierarchical discrete choice models using a Monte Carlo simulation.
5 At the pre-day level, the implementation of a car-restricted area with AMOD services was 6 assumed to affect directly the destination and mode choice models. Mode availability for trips 7 involving origins and/or destinations within the restricted area will change, leading to multimodal 8 trips that can combine private vehicles (in the case those are the modes restricted) outside the 9 implementation area, and AMOD inside the implementation area. As transferring between modes 10 is forced for these trips, it is necessary to properly model the agents' behavioral response in terms 11 of decisions. The utility specification of the combined mode and destination choice for the car-12 restricted area with AMOD service was based on the individual preferences towards taxi due to the 13 lack of individual AMOD-specific data for estimation. For mandatory trips with fixed destination 14 (such as going to work or school) the agents will only be able to change modes, but for non-15 mandatory trips (such as going shopping) the agents will have the possibility of changing mode 16 and/or destination, as well as deciding to skip the trip.
17
Once the daily activity schedules are obtained for all agents, the within-day models predict On the other hand, another set of functions allows the LT simulator to pass to the MT simulator 21 population information with updated residential and job locations as well as vehicle ownership.
22
Currently this exchange is done for each simulated year.
23
At this stage all sub-models of the MT simulator are being calibrated, using different 24 sources of information (including MT Logsums), in order to produce an appropriate synthetic 25 population; the inclusion of long-term impacts in the present study (both by using their population 26 and analyzing the effect of AMOD) is still in progress.
27
CASE STUDY ON THE CENTRAL BUSINESS DISTRICT (CBD) IN SINGAPORE
28
To test the above implementation a case study of a specific AMOD system in Singapore is used. ST were simulated according to the specific configuration of each intersection using LTA's data 5 and a SCATS-like algorithm. Driver's route-choice was estimated using the taxi GPS data while 6 public transit route-choice used the EZ-link card data set. 
The first constraint shows the service requirement for the demand node i. The second 13 constraint is the integrality constraint. 
Meaning of the constraint 1 and 2: each passenger can be assigned to at most 1 vehicle and each 22 vehicle can be assigned to at most 1 passenger, respectively. The cost is defined as follows:
where f d · c dist i j is the distance cost factor multiplied by the distance from current position of the 
The first constraint is the flow conservation at each node. The second constraint prevent us 10 from sending more vehicles than we have available. etc) that will be used again to generate a new set of individual choices. for the entire population can be re-simulated once again. 7 In Figure 6 the combined effect of the restricted zone and the changes in the transportation 8 system performance on route choice decisions is shown for the agents driving a specific origin-9 destination pair. This impact on through traffic will inevitably affect the performance of the road 10 network in terms of travel times and congestion levels in the periphery of the CBD.
11
In Figure In this paper, we presented an extension to SimMobility, a multi-agent micro-simulator, for model- 6 ing and simulating AMOD systems. The benefits of using integrated agent-based traffic simulator 7 built on disaggregated behavior models in both demand and supply, in the design and assessment 8 of disruptive technologies was shown through a specific AMOD case-study. The modular ap- 9 proach taken in our extension allows for different models to be integrated and evaluated within the 10 SimMobility framework. As shown in this paper, technical design features can be optimized and 11 policies incorporating a mix of transportation modes can be evaluated, having in mind individual 12 choices and the environment affecting these choices. 13 We are currently working on extending our calibration framework using other existing The flexibility of the proposed simulation framework to study complex scenarios also 21 brings new possibilities to the detailed design of AMOD systems. SimMobility ST has a network 22 communication simulator that will allow us to test alternative AV communication technologies 23 and assess its impacts on its performance. Similarly, AV-specific solutions for intersection man- We are thankful to the Land Transport Authority and the Urban Redevelopment Authority of Singa-6 pore for providing essential data used in this research. We would also like to thank the researchers 7 and developers from SMART for their contributions in the development of SimMobility. 
